Responsive amphiphilic molecular baskets were obtained by attaching four facially amphiphilic cholate groups to a tetraaminocalixarene scaffold. Their binding properties can be switched by solvent changes. In nonpolar solvents, the molecules utilize the hydrophilic faces of the cholates to bind hydrophilic molecules such as glucose derivatives. In polar solvents, the molecules employ the hydrophobic faces of the cholates to bind hydrophobic guests. A water-soluble basket can bind polycyclic aromatic hydrocarbons including anthracene, pyrene, and perylene. The binding free energy (−ΔG) ranges from 5 to 8 kcal/mol and is directly proportional to the surface area of the aromatic hosts. Binding of both hydrophilic and hydrophobic guests is driven by solvophobic interactions.
Introduction
Rigid supramolecular hosts with minimal conformational flexibility have traditionally been favored by chemists because of their perceived benefits in binding affinities. Most biomolecules, on the other hand, can respond to environmental stimuli by changing their conformations. As suggested by the induced-fit model, 1 the substrate of an enzyme can cause necessary conformational change of the active site (to bring the catalytic groups into proper alignment), but nonsubstrates cannot. Allosteric proteins change their conformations, and in turn their binding or catalytic functions, upon binding with effectors or inhibitors.
2 Conformational responses may result from changes of general environmental properties as well. Proteins may denature, or undergo drastic unfolding of the peptide chains, when pH, ionic strength, temperature, or other environmental properties are altered.
In addition, solvent polarity also has profound influence on the conformations of biomolecules, as hydrophobic interaction 3 (or, more generally, solvophobic interaction) is a major driving force for the folding of polypeptide chains. One class of biomolecules that adopts dramatically different conformations with the change of environmental polarity is R-helical antimicrobial peptides. 4 These peptides tend to assume random conformations in water but change to amphipathic R-helical structures when they come in contact with bacterial membranes, a * To whom correspondence should be addressed. Phone: 515-294-5845. Fax: 515-294-0105.
( much less polar environment. In fact, polarity-induced conformational change is important to many biological processes including the translocation of proteins across membranes. 5 Design of synthetic molecules with controllable conformations has received much attention in recent years and is highlighted in foldamer research. 6 Foldamers are synthetic oligomers with biomolecule-like, ordered conformations. Because their conformational flexibility allows their folding and unfolding (and in turn their properties) to be controlled by physical or chemical stimuli, they are very attractive as responsive materials. However, using weak, noncovalent forces to stabilize desired conformations in foldamers (and in synthetic molecules in general) remains as difficult challenges. 6 We previously reported an amphiphilic molecular basket 1a constructed from cholic acid. 7 Cholic acid 8 is an example of facial amphiphiles. 9 The cone-shaped aminocalix [4] arene is used as a scaffold to promote intramolecular aggregation among the cholates. In polar solvents, the hydrophilic (R) faces of the cholates point outward and the molecule resembles a unimolecular micelle. In nonpolar solvents, the hydrophobic ( ) faces turn outward, giving a reversed-micelle-like conformation. 10, 11 We hypothesize that the internal cavity of 1a is sufficiently large to bind guest molecules and that its conformational flexibility will allow it to bind either hydrophilic or hydrophobic guests in a solvent-dependent fashion. In this paper, we report the dual binding properties of 1 in different solvents. We also find that a water-soluble version of 1 indeed acts as a unimolecular micelle to solubilize hydrophobic molecules in aqueous solutions.
Results and Discussion
Binding Properties of the Reversed-Micelle-like Conformer in Nonpolar Solvents. Similar to surfactant reversed micelles, 12 the reversed-micelle-like conformer of 1a requires a small amount of a polar solvent for stability. A typical solvent mixture is carbon tetrachloride/methanol (90/10). Carbon tetrachloride is a better solvent than chloroform for the reversed-micellelike conformer, which has a nonpolar exterior. In the reversed-micelle-like conformer, all the hydroxyl groups turn inward to create a binding pocket, which should be mostly filled with the polar solvent. We expect that 1a should bind a hydrophilic guest of appropriate size. Because cholate groups are totally aliphatic, we choose hydrophilic guests with an aromatic substituent, hoping to monitor the binding event by complexation-induced 1 H NMR chemical shifts. Also, during NMR titrations, both the host and the guest need to be sufficiently soluble in the solvents; a totally hydrophilic guest may not have good enough solubility for the titration experiments.
Indeed, when 1a is mixed with phenyl -D-glucopyranoside in carbon tetrachloride/methanol (90/10), the proton signals on the phenyl of the guest shift upfield.
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The binding stoichiometry was studied by the Job plots (Figure 1 ). Even though a few data points (at ) 0.1 and 0.9) are missing because of signal overlap, the maximum at 0.5 molar fraction clearly indicates a 1:1 binding stoichiometry. The changes in chemical shifts are most significant for the para protons, followed by the meta and the ortho protons. It seems that the guest resides in the binding site with its phenyl pointing down to the calixarene, possibly as a result of favorable π-π interaction between the phenyl and the calixarene and solvophobic interaction between the sugar unit and the cholate groups.
In Figure 2 , the chemical shift of ortho protons on the guest is plotted as a function of 1a in different solvents. The binding strength clearly decreases as the percentage of methanol increases from 10 to 15% (data shown as 0 and [, respectively). Binding is even weaker in 20% methanol, as the chemical shifts of the guest protons are nearly unchanged at different concentrations of host 1a (data not shown). Because 1a has limited solubility in 5% methanol, we synthesized 1b to determine the association constant (K a ) more accurately. Host 1b has guest-binding substructures identical to 1a but has four hexyl groups at the lower rim of the calixarene and thus is more soluble in nonpolar solvents than 1a. As expected, the chemical shift changes of the -D-glucopyranoside guest are most pronounced in 5% methanol with the addition of 1b (data shown as 9).
Aggregation of the host is negligible under the binding conditions because the 1 H NMR spectrum of 1a or 1b is essentially the same when its concentration is varied from 0.2 to 15 mM. The binding constants are obtained by nonlinear least-squares fitting and are summarized in Table 1 . According to the binding data, host-guest interaction between 1a and phenyl -D-glucopyranoside becomes weaker as the percentage of methanol increases in the solvent mixture: -∆G ) 3.4, 3.3, and 2.5 kcal/ mol in 5, 10, and 15% methanol, respectively (entries 1-3 of Table 1 ). In 20% methanol, no binding can be detected by 1 H NMR titration (entry 4). Binding properties of 1a and the more soluble 1b are quite similar in the reversedmicelle-like conformation: K a is 330 M -1 (entry 1) with 1a and 340 M -1 with 1b (entry 5) for the binding of phenyl -D-glucopyranoside in 5% methanol.
These data rule out the π-π interaction between the calixarene and the phenyl group of the guest as the major driving force for the binding. Instead, solvophobic interaction plays decisive roles. This is because π-π interaction is expected to decrease in a solvent with higher polarizability.
14 Thus, a π-π-based binding should increase in strength when methanol (a less polarizable solvent) increases and carbon tetrachloride (a more polarizable solvent) decreases in the solvent mixture. We also performed a similar titration of phenol in CCl 4 /CD 3 -OD (90/10) and found no shifts in the proton signals of either the guest or the host. This result again suggests that the contribution of π-π interaction to the overall binding energy is minor at most.
Interestingly, the initial 5% increase in methanol reduces the binding affinity only slightly (∼0.1 kcal/mol), but a further increase by the same magnitude (i.e., from 10 to 15%) causes a much larger reduction (∼0. 
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percentages.
14, 15 The nonlinear solvent effect in our system probably is a result of the conformational flexibility of the host. As the percentage of methanol increases, two solvent effects are conceivable: (a) The guest and the guest-binding surface of the host become better solvated. (b) The reversed-micelle-like conformer of host 1a becomes less stable. The first solvent effect is universal and causes a general reduction in binding affinities as the host or the guest is better solvated. The second effect makes 1a an inferior host and is unique for conformationally mobile hosts.
Because the polar solvent plays important roles in stabilizing the reversed-micelle-like conformer, we are interested in its effect on binding affinities. Another polar solvent, DMSO, is also miscible with carbon tetrachloride. Figure 3a shows 1 H NMR spectra of 1b in different ratios of DMSO/carbon tetrachloride. The aromatic protons ortho to the amido group show distinct changes according to solvent composition, as a single peak at an intermediate ratio (90% DMSO in this case) but as two peaks above or below this ratio. Such nonequivalence of the aromatic protons also happens with 1a ( Figure 3b ) and has been attributed to the formation of ordered (micelle-or reversedmicelle-like) conformations. 7 Unlike 1a, however, the reversed-micelle-like conformer of 1b gives rather sharp proton signals, especially in solvents with less than 20% DMSO. Also, the splitting between the two peaks for 1b in carbon tetrachloride/DMSO is consistently larger than those for 1a in carbon tetrachloride/methanol. Previously, the splitting between the two peaks was found to be a good indicator for the stability of a particular (micellelike or reversed-micelle-like) conformer. 7 Therefore, DMSO in carbon tetrachloride seems to be an especially good solvent mixture for reversed-micelle-like conformer.
However, binding between 1b and phenyl -D-glucopyranoside is extremely weak in carbon tetrachloride/ DMSO (90/10) and is almost undetectable by NMR titration. This result was quite a surprise to us initially. We then realized that weak binding is only unexpected if one assumes that a more stable conformer is a better host. Strong binding, however, requires more than a suitable host structure. This is because the polar solvents entrapped by the host need to be displaced by the guest during binding. It is more difficult to displace strongly solvating solvent molecules than weakly solvating ones. Therefore, the same interaction that stabilizes the reversed-micelle-like conformer, that is, preferential solvation of the hydrophilic R faces of cholates by DMSO or methanol, actually works against the host in the guest binding. Apparently, selection of solvents in solvophobically driven molecular recognition is even more important in conformationally mobile systems than in rigid ones. The amphiphilic baskets described in this paper in fact only has limited conformational mobility, which mostly comes from the few bonds between the fused steroidal rings and the calixarene. Even for such a molecule, a small change in solvent composition has a very large effect on its conformational and binding properties.
Host 1a also can bind the R-anomer of phenyl glucopyranoside, albeit with a reduced association constant of 140 M -1 (entry 7 of Table 1 ) in carbon tetrachloride/ methanol (90/10). This moderate selectivity is probably due to the shape of the binding pocket, which prefers the straighter -anomer because of the upright arrangement of the cholate units.
Binding Properties of the Micellelike Conformer in Polar Solvents. In a polar environment, 1a is expected to bind hydrophobic guests by its micellelike conformer. We use a mixture of deuterated methanol/ water (80/20) as the solvent, in which 1a has solubility in the millimolar range. Addition of pyrene causes upfield changes of the methyl protons on the hydrophobic face of the cholates. Hence, the guest is bound through favorable hydrophobic contact with the host. Accurate determination of the association constant is difficult because neither the host nor the guest has good solubility in the solvent. We then performed 1 H NMR titration with 1-aminopyrene, which is more soluble than pyrene in aqueous methanol. The binding constant was about 10 M -1 (entry 1 of Table 2 ).
Such a low binding affinity (-∆G ) 1.3 kcal/mol) is entirely unsatisfactory. Weak binding may have resulted from tight intramolecular aggregation among the cholate units of 1a. This is quite possible because the cholate groups are very close from one another. Intramolecular aggregation, nevertheless, does not seem to cause any problems in the reversed-micelle-like conformer, as the hydrophilic guests are bound with reasonable strength. This contrast is likely due to the curvature of the cholate backbone, which is bent toward the hydrophilic R face and is expected to prevent tight aggregation of the R faces in the reversed-micelle-like conformer.
When the solvent is changed from methanol/water (80/ 20) to pure methanol, the methyl proton signals on the cholates no longer experience any shifts with the addition of 1-aminopyrene, suggesting negligible binding (entry 2 of Table 2 ). Hence, solvophobic interaction is also the main driving force in this conformer. 17 Encouraged by this fact, we decided to prepare a water-soluble version of the amphiphilic basket.
The cationic host 2 is prepared according to Scheme 1. To increase water solubility of the calixarene, we attach oligomeric ethylene glycol chains to its lower rim. A literature procedure describes direct attachment of triethylene glycol monomethyl ether to tert-butylcalix[4]-arene 3 under standard alkylation conditions (i.e., NaH, RBr). 18 However, the cone conformer was one of four products formed. In our synthesis, we avoid this problem by using ester 4 as the key intermediate. Ester 4 is prepared in a high yield according to literature procedures, and, most importantly, is already in the cone conformation. 19 It is reduced by lithium aluminum hydride, alkylated by the mesylate of triethylene glycol monomethyl ether, and nitrated to afford 5 in an overall 54% yield. The azidocholic acid (7) 20 is coupled to amine 6, and the resulting product is reduced and protonated to afford the final water-soluble basket 2.
With the water-soluble basket 2 in hand, we performed solubilization of anthracene and perylene, in addition to pyrene. These polycyclic aromatic hydrocarbons have extremely low solubility in water; thus, their binding can be monitored by enhanced solubilization. The experiment is similar to the dye-solubilization test used in the characterization of the critical micelle concentration (CMC) of surfactants. 21 In these experiments, a hydrophobic dye, which has nearly zero solubility in water below the CMC, is solubilized by surfactant micelles above the CMC. When the concentration of the solubilized dye is plotted against the concentration of the surfactant, a kinked curve is therefore obtained, with the inflection point corresponding to the CMC. In fact, pyrene has been frequently used to determine the CMC of surfactants because of its low water solubility and fluorescence (which allows for its sensitive detection).
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Solubilization of the aromatic compounds by basket 2 does not follow the pattern of typical surfactants. Instead of a kinked curve, the concentration of the solubilized polycyclic aromatics is linearly related to the concentration of 2 (Figure 4) . The absence of concentration dependence in the solubilizing power suggests that aggregation is not necessary for 2 to solubilize hydrophobic guests. In other words, 2 does not have a CMC and is truly qualified as a unimolecular micelle. Our experiments indicate that basket 2 is most efficient at solubilizing pyrene, followed by anthracene and perylene. More efficient solubilization, nonetheless, does not mean in which s 0 is the solubility of the guest in the absence of any host, s is the solubility of the guest at a given host concentration [host] , and K a is the binding constant. Because s 0 has an extremely large effect on the calculation of K a but cannot be determined accurately as the intercept, we used the literature values instead (s 0 ) 0.45, 0.67, and 0.0016 µM for anthracene, pyrene, and perylene, respectively). 25 The binding constants (K a ) obtained for three aromatic compounds are extremely large: 7.8 × Table 2 ). Strong binding is probably a result of much higher solvophobic driving force in water as compared to aqueous methanol. It may also be due to poor intramolecular aggregation among the cholates, which are now positively charged. These binding constants correspond to -∆G of 5.3, 6.4, and 8.0 kcal/mol, respectively. Therefore, the binding affinity increases linearly with the size of the aromatic guests. Such a trend is consistent with the solvophobic binding mechanism because the strength of solvophobic interaction is directly proportional to the area of solvophobic surface removed from solvent contract during complexation. 3
Conclusions
In summary, we have shown that judicious introduction of conformational flexibility converts an otherwise simple host into a novel environmentally responsive molecule. The binding properties respond to solvent changes as the host undergoes conformational changes. The reversed-micelle-like conformer prefers hydrophilic guests in solvent mixtures consisting of mostly a nonpolar solvent with a small amount of a polar solvent. Preferential solvation of the hydrophilic faces of the cholate groups by the polar solvent is important to the stability of the reversed-micelle-like conformer. Too strong solvation, however, leads to weak binding because the polar solvent molecules entrapped by the host cannot be easily displaced by the guest. The micelle-like conformer binds hydrophobic guests in polar solvents. Binding is weak for 1-aminopyrene (-∆G < 1.5 kcal/mol) in a methanol/water (80/20) mixture. In pure water, however, very strong binding (-∆G ) 5-8 kcal/mol) is observed for anthracene, pyrene, and perylene. 21 mmol) in anhydrous THF (50 mL). NaH (60%, 0.912 g, 22.8 mmol) was added in one portion. The mixture was heated to reflux under N2 for 23 h. Another batch of the mesylate (1.07 g, 2.42 mmol) and NaH (0.205 g, 5.13 mmol) was added. After another 4.5 h, the reaction was cooled to room temperature and was quenched by careful addition of water (10 mL). The mixture was extracted with ether (40 mL). The combined organic phase was dried (MgSO 4) and concentrated in vacuo. The residual oil was dissolved in CH2Cl2/HOAc (20 mL/20 mL) and was cooled to 0°C. Nitric acid (90%, 10 mL) was added slowly. The solution was stirred at room temperature for 3 h and was diluted with chloroform (30 mL) and water (60 mL). The organic phase was evaporated in vacuo. The residue was purified by column chromatography over silica gel using chloroform/acetone (1/1) as the eluents to give an orange oil. Compound 7 (110.3 mg, 0.254 mmol) , compound 6 (63.3 mg, 0.0508 mmol), and O-benzotriazol-1-yl-N,N,N′,N′-tetramethyluronium hexafluorophosphate (HBTU, 97.6 mg, 0.257 mmol) were dissolved in anhydrous THF (3 mL). Diisopropylethylamine (91.6 mg, 0.709 mmol) was added. The mixture was heated to reflux under N2 for 24 h. Solvent was evaporated in vacuo. The residue was purified by column chromatography over silica gel and preparative TLC using chloroform/methanol (15/1) as the eluents to afford a brown glass. The tetraazide intermediate and triphenylphosphine (41.0 mg, 0.156 mmol) was dissolved in THF/water (80/20, 2 mL). The mixture was heated to reflux for 14 h. Another batch of triphenylphosphine (39.5 mg) was added. The reaction was continued for another 6 h. Solvent was removed in vacuo. The residue was purified by preparative TLC using chloroform/ methanol/ammonium hydroxide (5/3/1) as the developing solvents to afford a light brown glass (24.3 mg, 19% 27 was added. After 1 h, solvent and HCl was evaporated by a gentle N2 flow. The white solid was pumped under high vacuum to afford a light brown power.
Job Plot. Stock solutions (1.43 mM) of 1a and phenyl--Dglucopyranoside in carbon tetrachloride/deuterated methanol (90/10 ) v/v) were prepared. In 11 separate NMR tubes, portions of the two solutions were added such that their ratios changed from 0 to 1 while maintaining a total volume of 0.6 mL. 1 H NMR spectrum was taken for each sample. The changes in the chemical shifts of the ortho, meta, and paraprotons of the phenyl in the guest were monitored. Maximum at 0.5 molar fraction indicated a 1:1 binding stoichiometry. 1 H NMR Titrations. For the binding of hydrophilic guests, the guest was titrated with different amounts of the host, and the chemical shifts of the phenyl protons in the guest were monitored. For binding of the hydrophobic guests, the host was titrated with different amounts of the guest, and the chemical shifts of the methyl protons in the host were monitored. A typical procedure is as follows. Stock solutions of 1a (0.050 M) and phenyl--D-glucopyranoside (0.010 M) in CH3OH were prepared. To 16 separate vials, 60 µL of the phenyl--Dglucopyranoside solution was added, followed by 12, 16, 19, 23, 27, 31, 37, 43, 50, 58, 67, 79, 93, 111, 136, and 170 µL of 1a. Solvent in each vial was removed in vacuo. Then, 600 µL of CCl 4/CD3OD (90/10) was added to each vial. The samples were gently shaken for 1 h and then were transferred to 16 separate NMR tubes. 1 H NMR spectrum was taken for each sample and the chemical shifts of phenyl protons of guest were measured. The binding constants (K a) were obtained by leastsquares nonlinear curving fitting of the titration data.
Dye Solubilization. A typical procedure is as follows. A stock solution (2.96 mM) of 2 was prepared in Millipore water. To 11 separate vials, 500, 450, 400, 350, 300, 250, 200, 150, 100, 50, and 10 µL of stock solution were added. Millipore water was added to make the total volume of each sample 500 µL. These solutions were gently rocked in the presence of excess solid pyrene for 3 days. The excess pyrene was removed by filtration through syringe filters [Millipore Millex hydrophilic poly(tetragluoroethylene) filters, 0.45 µm]. An aliquot of 100 µL of each sample was diluted with 2.5 mL of absolute ethanol. Fluorescence intensity of each sample was measured in a quartz cuvette. Each experiment was repeated three times with separately prepared solutions. The concentration of the solubilized pyrene was determined by a calibration curve. The excitation wavelength was 340, 320, and 400 nm for anthracene, pyrene, and perylene, respectively.
